Previously, the OEP16.1 channel pore in the outer envelope membrane of mature pea (Pisum sativum) chloroplasts in vitro has been characterized to be selective for amino acids. Isolation of OEP16.2, a second OEP16 isoform from pea, in the current study allowed membrane localization and gene expression of OEP16 to be followed throughout seed development and germination of Arabidopsis thaliana and P. sativum. Thereby it can be shown on the transcript and protein level that the isoforms OEP16.1 and OEP16.2 in both plant species are alternating: whereas OEP16.1 is prominent in early embryo development and first leaves of the growing plantlet, OEP16.2 dominates in late seed development stages, which are associated with dormancy and desiccation, as well as early germination events. Further, OEP16.2 expression in seeds is under control of the phytohormone abscisic acid (ABA), leading to an ABA-hypersensitive phenotype of germinating oep16 knockout mutants. In consequence, the loss of OEP16 causes metabolic imbalance, in particular that of amino acids during seed development and early germination. It is thus concluded that in vivo OEP16 most probably functions in shuttling amino acids across the outer envelope of seed plastids.
Introduction
Seed development and germination of seed plants in general can be subdivided into a series of interlocking processes (for overviews, see Finkelstein et al., 2008; Holdsworth et al., 2008a; Angelovici et al., 2010) . Immediately after fertilization, morphogenesis determines embryo development and leads to the establishment of all embryonic structures until the heart stage. Seed maturation then begins with a transition from maternal-represented by the seed coat compartment-to filial control (Weber et al., 2005) , during which embryos and endosperm grow by cell division. First in seed maturation, a period of reserve substance accumulation includes metabolic reorganization and synthesis of storage compounds such as starch, storage proteins, and oil. Later on, a major loss of water leads to desiccation-tolerant, mature dry seeds. In parallel, initiation and establishment of dormancy accompany these two seed maturation phases. Thus, acquirement of desiccation-tolerant seeds is highly associated with dormancy, allowing the dry embryo to maintain viability in the dormant stage as well as to switch to germination under the respective favourable conditions (see below). Seed dormancy is maximal in harvest-ripe seeds, but afterwards declines during dry storage in the after-ripening stage. Mature dry seeds contain a large number of mRNA species, which are mainly associated with metabolism, protein synthesis, and degradation, and thus provide important transcripts for early stages of germination (Nakabayashi et al., 2005) . Expression of these genes in ripening seeds is mostly induced by the phytohormone abscisic acid (ABA) as indicated by an over-representation of cisregulatory ABA-responsive elements (ABREs) in their promoter regions. Dormancy in Arabidopsis embryos in general is non-deep and is imposed by endosperm and testa tissue. However, for subsequent germination, dormancy has to be relieved by a concerted sequence of processes, which are afterripening (i.e. dry storage of seeds), followed by cold (or nitrate) treatment, and finally light exposure (for a review, see Holdsworth et al., 2008b) . In contrast to ABA, which acts as a positive regulator of dormancy, gibberellins release dormancy and promote progression of germination. In Arabidopsis, the endosperm tissue in mature, dry seeds, in addition to controlling seed dormancy has been proposed also to be an important regulator of the germination potential (for a review, see Holdsworth et al., 2008a) . Water uptake during germination finally can be described by several steps such as imbibition, reactivation of metabolic processes, radicle emergence through the endosperm and testa layers, as well as radicle elongation.
The switch from reserve accumulation to desiccation stages in seed development is accompanied by pronounced changes in transcripts and metabolites (reviewed in Angelovici et al., 2010) . In consequence, not only the reserve accumulation phase but also the desiccation period during seed maturation is a prerequisite for mobilization of stored metabolites throughout germination of seeds. Highly active metabolic processes during desiccation and dormancy are thus related to those dominating seed germination, thereby bridging seed maturation with germination. Modulation of metabolic processes in turn involves biosynthesis and intracellular redistribution of solutes and nutrients. During seed development many of the required metabolites, however, are synthesized and/or metabolized in plastids. The plastid organelle family of higher plants, which evolved after endosymbiosis of a progenitor of today's cyanobacteria with an ancient mitochondria-containing eukaryotic cell (Gould et al., 2008) , conducts vital biosynthetic functions throughout plant growth and development (for a review, see Tetlow et al., 2005) . In contrast to photosynthetically active chloroplasts, storage plastids are heterotrophic organelles that convert photosynthates derived from source tissue into storage compounds that can be mobilized during plant development (for an overview, see Lopez-Juez and Pyke, 2005) . Amyloplasts (starch) in the endosperm of seeds, in cotyledons, tubers, or fruits, elaioplasts (oil) in seeds of oilseed plants, and chromoplasts (carotenoids) in flowers and fruits represent the major storage-type plastids. Besides photosynthesis, biosynthetic capacities of plastids include primary assimilation of nitrogen and sulphur, and synthesis of amino acids, fatty acids, tetrapyrroles, nucleic acids, hormones, and many other compounds of secondary metabolism. Subsequently, these plastid-derived metabolic intermediates are delivered to other cell compartments and provided for the synthesis of complex compounds such as polypeptides or storage sugars, or may even serve as signalling molecules. The importance of plastids, in particular during embryo and seed development, is underlined by the fact that the loss of function of plastidlocalized proteins very often results in embryo lethality (Bryant et al., 2011, and references therein) . Besides protein import and translation, functions of embryo-essential plastid proteins are linked to synthesis of indispensable metabolites such as amino acids, vitamins, nucleotides, and fatty acids. Since plastids, like their Gram-negative ancestors, are delimited by two membranes, solute and metabolite transport across both of these envelopes represents a central bottleneck within the intracellular network during seed development and germination (for overviews on plastid solute transport, see Linka and Weber, 2010) .
In the plastid outer envelope membrane, members of the OEP16 solute channels (for outer envelope protein of 16 kDa) are found to be specifically expressed in embryo and seed development (for an overview, see Pudelski et al., 2010) . Originally, OEP16-designated as the OEP16.1 isoform in the following-was isolated as a 16 kDa protein from the outer envelope membrane of pea (Pisum sativum) chloroplasts (Pohlmeyer et al., 1997) . The corresponding recombinant protein Ps-OEP16.1 formed a slightly cation-selective, high conductance channel when reconstituted into black lipid bilayers in vitro. Further, Ps-OEP16.1 in liposome swelling assays displayed a strikingly high selectivity for amino acids and amines. The predicted OEP16 pore has a diameter of ;1 nm, but was impermeable to 3-phosphoglycerate and uncharged sugars such as fructose, glucose, sucrose, and sorbitol (Pohlmeyer et al., 1997) . Therefore, Ps-OEP16.1 represents the plastid OEP channel with the highest selectivity and shows functional characteristics similar to those of specific metabolite channels in the outer membrane of Gramnegative bacteria (for an overview, see Duy et al., 2007) . OEP16 consists of four membrane-spanning a-helices and most probably is built by OEP16 homo-oligomers (Pohlmeyer et al., 1997; Steinkamp et al., 2000; Linke et al., 2004) . The a-helical structure of OEP16 is in contrast to other known OEPs, which form a b-barrel pore in the plastid outer envelope membrane like porin-like channels from the outer membrane of Gram-negative bacteria (compare Duy et al., 2007) . During evolution, presumably before seed plants and bryophytes split, gene duplication in an ancestor of all land plants resulted in OEP16.2, a second isoform (Drea et al., 2006) . Interestingly, all OEP16.2 proteins from angiosperms thereby gained an additional exon in the loop sequence connecting the first and the second membrane-spanning helices. This peptide loop-called the S-domain by Drea and co-workers-is the potential selectivity filter of the channel (Steinkamp et al., 2000; Linke et al., 2004) , and might thus indicate that OEP16.2 has a slightly different substrate specificity from that of OEP16.1. In addition, the S-domain is specific for seed plants because it is absent in the OEP16.2 orthologues from mosses and ferns. Therefore, it is speculated that with the S-domain in OEP16.2, a seed-specific function was introduced for the OEP16 proteins (Drea et al., 2006) .
Apart from the in vitro biochemical and electrophysiological characterization of Ps-OEP16.1, studies on the in vivo function in recent years have focused on OEP16 proteins and mutants in the model plant Arabidopsis thaliana Pollmann et al., 2007; Pudelski et al., 2009; Samol et al., 2011a, b) . Here the isoforms At-OEP16.1 (At2g29800), At-OEP16.2 (At4g16160), and At-OEP16.4 (At3g62880) comprise the OEP16 subfamily, which groups into the PRAT (pre-protein and amino acid transporter) superfamily (Murcha et al., 2007; Pudelski et al., 2010) . Common for these PRAT proteins is a four a-helical secondary structure, the presence of a TIM17 domain, and the absence of a classical chloroplast transit peptide. According to various transcriptomic analyses and its presence determined by several proteomic approaches in isolated Arabidopsis chloroplasts, cauliflower proplastids, and purified chloroplast envelope membranes from Arabidopsis, pea, and maize, the abundance and importance of the OEP16.1 isoform in leaf tissue is evident (Froehlich et al., 2003; Ferro et al., 2003; Kleffmann et al., 2004; Zybailov et al., 2008; Bräutigam et al., 2008a, b; Bräutigam and Weber, 2009 ). RNA of OEP16.2 instead shows strong and exclusive localization in seed, embryo, cotyledon, and pollen, while OEP16.4 transcripts are present ubiquitously at a lower level (for an overview, see Pudelski et al., 2010) . The presence of OEP16.2 in seed development was confirmed by in situ hybridization and promoter-GUS (b-glucuronidase) analysis when Drea et al. (2006) detected the highest activity of the Arabidopsis OEP16.2 promoter, which contains four ABREs, in embryos of mature, dry, and germinating seeds of transformed tobacco plants.
Although OEP16.1 and OEP16.2 genes have been sequenced in various plant species (Drea et al., 2006) , an OEP16.2 isoform of pea has not been discovered so far. Further, data on the expression specificity of OEP16.2 are based on transcript analysis only. To analyse and compare membrane localization and orientation of the OEP16.1 and OEP16.2 isoforms, OEP16.2 was therefore isolated from P. sativum. This enabled the expression pattern and hormonal regulation of both OEP16 isoforms to be followed at the transcript and protein level in two plant species (Arabidopsis and pea). Especially during seed development and germination, OEP16.1 and OEP16.2 showed an alternating and complementing expression pattern. Because OEP16.2 proved to be specifically induced by the phytohormone ABA in late seed maturation and early germination, the focus was on these tissues for analysis of OEP16 loss-of-function mutants in Arabidopsis. Thereby, it can be shown that the plastid outer envelope proteins OEP16, and in particular the isoform OEP16.2, affect metabolic fluxes during ABA-controlled seed development and germination.
Materials and methods

Plant material and growth conditions
Experiments on A. thaliana were performed with ecotype Col-0 (Lehle Seeds, Round Rock, TX, USA) and oep16 mutant plants. The oep16 triple mutant oep16.1/2/4 was generated by crossing the double mutant oep16.1-1/oep16.4-2 with oep16.2-1, both representing knockout lines for OEP16.1, OEP16.4, and OEP16.2, respectively . In the subsequent F 3 generation, the following mutant lines were selected by PCR genotyping: (i) oep16.1/2/4, homozygous for all three OEP16 alleles; (ii) OEP16.1/ 2/4-WT, corresponding to the respective wild-type genotypes for OEP16.1, OEP16.2, and OEP16.4; and with (iii) oep16.1/2; (iv) oep16.1/4; and (v) oep16.2/4 all possible combinations of double mutants, containing the wild-type form of the appropriate third OEP16 isoform. The original single OEP16 T-DNA insertion lines oep16.1-1 (SALK_024018), oep16.2-1 (SAIL #1377_1225_B03), and oep16.4-2 (SALK_109275) as well as PCR genotyping conditions are described in . Except for oep16.1/4, additional T-DNA insertions identified in some progeny of oep16.1-1 (for details, see Pudelski et al., 2009) ) and 8 h dark (16°C) cycle. ABA germination assays were performed essentially as described previously (Drechsel et al., 2010) . For germination on nylon filters, the filters were placed into Petri dishes and soaked in liquid medium.
Wild-type pea plants (P. sativum L., cv. 'Arvica', Prague, Czech Republic) were grown on sand in the greenhouse under a 16 h light (220 lmol m À2 s À1 )/8 h dark regime at 21°C. The pea mutants snf34 (SnRK1 antisense, named Vic-34 in Radchuk et al., 2006) and anti-ABA as well as the corresponding wild-type lines are described in Radchuk et al. (2006) and Radchuk et al. (2010a) , respectively.
Isolation of Ps-OEP16.2 cDNA Degenerated oligonucleotide primers, directed toward conserved regions of known plant OEP16.2 isoforms (Drea et al., 2006) and designed according to the sequence of OEP16.2 from Medicago truncatula and the P. sativum codon usage, were used to amplify a corresponding region from reverse-transcribed pea seedling RNA. Using the SMART RACE cDNA Amplification Kit (Clontech) in combination with gene-pecific primers, overlapping N-and C-terminal fragments of Ps-OEP16.2 were subsequently isolated. The corresponding full-length cDNA was generated in a single PCR step by using primers flanking the 5' and 3' ends of the predicted open reading frame. For primer sequences, see Supplementary Table S1 at JXB online.
Protein extraction
Seed material from pea or Arabidopsis was homogenized in liquid nitrogen and resuspended in H 2 O. For protein isolation, 200 ll of this suspension were extracted by adding 800 ll of methanol (99.9%), 200 ll of chloroform (99%), and 600 ll of H 2 O. Solutions were mixed by inversion of the reaction tube until phase separation (;10 min). After centrifugation for 10 min, 16 500 g at 4°C, the aqueous top phase was removed and discarded. A 600 ll aliquot of methanol was added and thoroughly mixed to precipitate proteins from the interphase. Proteins were collected by centrifugation for 5 min, 16 500 g at 4°C. The pellet was dried completely at 37°C and proteins were resuspended in 100 ll of extraction buffer [50 mM TRIS-HCl, pH 8; 50 mM EDTA; 2% LiDS; 10 mM dithiothreitol (DTT); 0.1 mM phenylmethylsulphonyl fluoride (PMSF)].
For protein extraction from leaf and seedlings, tissue was ground in liquid nitrogen, mixed with an equal volume of extraction buffer (50 mM TRIS-HCl, pH 8; 50 mM EDTA; 2% LiDS; 10 mM DTT; 0.1 mM PMSF) and incubated for 30 min on ice. Afterwards, insoluble cell debris was separated by centrifugation for 15 min, 16 000 g at 4°C.
Preparation and thermolysin treatment of plastid envelope membrane vesicles Separated outer and inner envelope fractions from pea chloroplasts were isolated as described in Waegemann et al. (1992) from leaf tissue of 10-day-old pea plantlets. To detect OEP16.2 in outer envelope membranes, very young, 7-day-old, leaves were used.
For treatment with the protease thermolysin, outer envelope vesicles were precipitated at 100 000 g for 15 min at 4°C and resuspended in buffer 'pwII' (330 mM sorbitol; 50 mM HEPES, pH 7.6; 0.5 mM CaCl 2 ,). After determination of the total protein content, 2 lg of thermolysin dissolved in pwII buffer were added per 1 lg of envelope protein, and proteolysis was allowed to proceed for 0, 15, 30, and 45 min on ice in the dark. Outer envelope membranes that were solubilized by the addition of 1% Triton X-100 prior to thermolysin treatment served as a control. All reactions were stopped by adding EDTA at a final concentration of 5 mM, separated by SDS-PAGE, and subjected to immunoblot analysis.
Immunoblot analysis
To generate antibodies against Ps-OEP16.2, the corresponding full-length cDNA was subcloned via EcoRI/XhoI into pET21a (Novagen) plasmid vector, resulting in a C-terminal fusion with a polyhistidine (His6) tag. The generated plasmid was used for overexpression of recombinant Ps-OEP16.2 after transforming Escherichia coli BL(DE3) cells (Novagen). Rapidly growing cells with a density of OD 600 ¼0.6 were induced with 1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) for 3 h at 37°C. Afterwards, pelleted cells were resuspended in lysis solution [50 mM TRIS-HCl, pH 8.0, 25% sucrose (w/v), 1 mM EDTA, 100 mg ml À1 DNase] and sonicated three times for 30 s. Inclusion bodies were collected by centrifugation at 4°C, 20 000 g for 30 min and solubilized in buffer A (20 mM NaPP, pH 8.0, 100 mM NaCl, 2 mM b-mercaptoethanol, 8M urea) by sonification. Insoluble material was pelleted by centrifugation at 4°C, 20 000 g for 10 min. The supernatant, which contained the majority of the recombinant Ps-OEP16.2, was loaded onto an NiNTA affinity column (Qiagen), washed with buffer A with ascending imidazole concentrations (0, 20, 50 mM), and eluted with 100 mM imidazole. The resulting purified, recombinant Ps-OEP16.2 protein was used to generate antiserum in rabbit (Pineda Antibody Service, Berlin, Germany).
All other antisera were raised in rabbit against heterologously expressed proteins as described previously for Arabidopsis At-OEP16.1, At-OEP16.2 , At-OEP37 (Goetze et al., 2006) , and At-PIC1 (Duy et al., 2007) , as well as pea Ps-OEP16.1 (Pohlmeyer et al., 1997) and Ps-VDAC (Clausen et al., 2004) , respectively.
Appropriate amounts of organellar or total cellular proteins were separated by SDS-PAGE and subjected to immunoblot analysis using antisera in 1:200 to 1:1000 dilutions in TTBS buffer [100 mM TRIS-HCl, pH 7.5, 150 mM NaCl; 0.2% Tween-20; 0.1% bovine serum albumin (BSA)]. Non-specific signals were blocked by 1-5% skim milk powder and 0.03-0.12% BSA. Secondary anti-rabbit IgG alkaline phosphatase and anti-rabbit IgG horseradish peroxidase antibodies (Sigma-Aldrich) were diluted 1:30 000 and 1:8000, respectively. Blots were either stained for alkaline phosphatase reaction with 0.3 mg ml À1 nitroblue tetrazolium (NBT) and 0.16 mg ml À1 BCIP in 100 mM TRIS pH 9.5, 100 mM NaCl, 5 mM MgCl 2 or for enhanced chemoluminescence (ECL; with horseraddish peroxidase) for 1 min in the dark with 0.5% (w/v) luminol, 0.22% (w/v) coumaric acid, 0.009% (v/v) H 2 O 2 in 100 mM TRIS-HCl pH 8.5. Luminescence was monitored by X-ray films (Kodak Biomax MR; Perkin Elmer).
Promoter-GUS staining
For promoter-GUS analysis, 1501 bp and 729 bp regions upstream of the designated start codons of At-OEP16.1 and At-OEP16.2, respectively, were PCR amplified on genomic DNA by gene-specific primers (Supplementary Table S1 at JXB online). The resulting products were subcloned into the binary pKGWFS7 vector (Karimi et al., 2005) . Generation of stable transformants in Arbidopsis Col-0 and histochemical GUS analysis were performed as described in Goetze et al. (2006) .
Metabolite analysis
Carbohydrates and free amino acids of ;50 mg of seed and seedling tissue were extracted and analysed as described previously (Kogel et al., 2010) . Amino acid analysis on total seed proteins was performed by Genaxxon Bioscience (Ulm, Germany).
Results
Structure and topology of OEP16 in the outer envelope membrane of plastids
For isolation of Ps-OEP16.2, degenerated oligonucleotide primers were used to PCR-amplify a fragment on pea leaf cDNA. Subsequently, a cDNA, which contained an 546 bp long open reading frame as well as a 5# untranslated region (UTR; 121 bp) and a 3#UTR (150 bp), was identified by RACE (rapid amplification of cDNA ends)-PCR (GenBank accession no. JN859826). The corresponding Ps-OEP16.2 protein is 183 amino acids long ( Fig. 1A) and has a predicted molecular mass of 19.2 kDa. When compared with the Arabidopsis orthologue At-OEP16.2 (179 amino acids, 18.8 kDa), Ps-OEP16.2 shows 58% amino acid identity (Fig. 1B) , while the closest relative can be found in M. truncatula (GenBank accession no. BI312211, 86% identity with Ps-OEP16.2). As defined for Ps-OEP16.1 (Linke et al., 2004) and described for all members of the PRAT superfamily (Murcha et al., 2007; Pudelski et al., 2010) , four membrane-spanning a-helical domains are likely for Ps-OEP16.2 (Fig. 1A, C) . Further, Ps-OEP16.2 contains an extended interhelical loop region between the first and second membrane helix, which is believed to be specifically conserved and inherited throughout evolution of angiosperm seed plants and therefore designated as the S-domain (Drea et al., 2006) .
Generation of a specific antibody against Ps-OEP16.2 allowed localization of the 19 kDa protein in outer envelope membranes of very young chloroplasts from pea seedlings ( Fig. 2A) . By protease treatment of these envelope vesicles and subsequent immunoblot analysis (Fig. 2B) , it was possible to determine the orientation of OEP16.1 and OEP16.2 proteins within the membrane (see Fig. 1C ). In general, it has been shown that purified outer envelope membranes from isolated pea chloroplasts form vesicles with right-side-out orientation (Keegstra and Youssif 1986; Waegemann et al., 1992) . Thus, the protease thermolysin is able to proteolyse only those peptide stretches which are exposed to the cytosol (i.e. at the outside of the envelope vesicles). The proteolytic pattern of the control protein OEP37 (Schleiff et al., 2003) confirmed vesicle orientation and protease function (Fig. 2B ). Thermolysin treatment of Ps-OEP16.2 produced two distinct protein fragments that were ;2.5 kDa and 3 kDa smaller than the signal of untreated samples (19 kDa). Since Ps-OEP16.1 showed a similar proteolytic pattern, it can be concluded that the N-and C-terminus of OEP16.1 and OEP16.2 point to the outer face of the vesicles, which means in vivo to the cytosol. Because the C-terminus of both proteins directly ends with the fourth membrane helix, thermolysin can only cut at the N-terminal end, which is 3.1 kDa for Ps-OEP16.2 and 2.4 kDa for Ps-OEP16.1 (compare Fig. 1A and C). The interhelical loop region between the second and third helix is very short (10 amino acids) and thus most probably was not be accessible to the protease. Experiments on isolated intact Arabidopsis chloroplasts (Li and Philippar, unpublished results) displayed the same pattern for At-OEP16.1 and confirmed results for pea envelopes. In general, both a-helical OEP16 proteins are tightly folded, which is indicated by their resistance to proteolysis even when membranes were solubilized by Triton (Fig. 2B ). In particular, the thermolysin fragment of Ps-OEP16.1 that lacks the N-terminus was extraordinarily stable. Ps-OEP16.2 was somewhat less protease resistant than Ps-OEP16.1, probably due to the extended, interhelical S-domain between the first and second helix (compare Fig.  1 ). However, a b-barrel protein like OEP37 with several larger soluble loop regions (compare Schleiff et al., 2003) was proteolysed into many more fragments, which were further degraded when membranes were solubilized by detergent (Fig. 2B) .
In summary, the data demonstrate that the N-and C-termini of the membrane-integral proteins OEP16.1 and OEP16.2 in the plastid outer envelope are localized in the cytosol. The OEP16.2-specific interhelical S-domain points to the intermembrane space (see Fig. 1C ). (Linke et al., 2004) . Identical and similar amino acids shared by all (100%), three or more (>60%), and two (>40%) of the sequences are shaded in black, dark grey, and light grey, respectively. (B) Percentage of identical amino acids between the proteins aligned in A. Identities among distinct OEP16.1 and OEP16.2 isoforms of different species are >58% (dark grey squares). (C) Topology model of OEP16 proteins in the outer envelope membrane (OE) of plastids. a-Helical membrane domains (cylinders) are depicted as defined for Ps-OEP16.1 (Linke et al., 2004) . Please note that only the N-terminus and the extended interhelical loop region between the first and second helix (compare with alignment in A), which defines the S-domain of OEP16.2 (Drea et al., 2006) , most probably are not embedded in the lipid bilayer environment. Cyt, cytosol; ims, intermembrane space.
Specific expression of OEP16 isoforms during seed development and germination
Public microarray data sets of Arabidopsis development (Honys and Twell, 2003; Schmid et al., 2005) confirmed that OEP16.1 is the major leaf and stem isoform, while OEP16.2 is expressed strongly and exclusively in embryos, seeds, and pollen tissue ( Supplementary Fig. S2 at JXB online). OEP16.4 transcripts can be found ubiquitously, but at a low level-usually about >4 times less than OEP16.1 and/or OEP16.2. In roots, OEP16.1 and OEP16.4 transcripts are present in equal but low amounts ( Supplementary Fig. S2A ). Of particular interest, however, was the strict regulation of OEP16.2 expression. After seed germination is completed, OEP16.2 is absent in leaves, roots, and stems of all developmental stages. In mature plants, transcripts first appear in flowers, where expression is restricted to stamen and pollen grains, and peaks in early pollen development ( Supplementary  Fig. S2B, S2C ). In addition, elevated expression of OEP16.2 in pollen was confirmed by promoter-GUS studies (not shown, and Drea et al., 2006) and identification of the protein in Arabidopsis pollen proteome mapping (Holmes-Davis et al., 2005) .
To follow the OEP16 expression pattern and protein levels during seed development and germination, At-OEP16.1 and At-OEP16.2 promoter-GUS signals were studied and immunoblot analysis was performed on Arabidopsis tissues (Fig. 3A,  B) . Interestingly, OEP16.1 and OEP16.2 show alternating and complementing expression patterns. Whereas OEP16.1 is present until torpedo stage embryos, resumes in cotyledons, and is highest in the first true leaves of the seedling, OEP16.2 fills the gap in late embryonic stages, and peaks in embryos of dry and germinating seeds. Further, OEP16.2 promoter activity was detectable in early cotyledon/hypocotyl tissue and the germinating root tip. Thus, a previous analysis on alternating protein levels of OEP16 isoforms in seedlings (OEP16.1 in first true leaves, OEP16.2 in cotyledons; compare could be confirmed and this principle could be expanded for seed development and germination. In addition, the same complementary OEP16.1/OEP16.2 pattern was detected in dissected developing pea seeds, where weak signals of Ps-OEP16.1 proteins are found in early embryo and seed coats, but Ps-OEP16.2 was restricted to late embryos and was highest in dry seeds (Fig. 3C) .
Publicly available Arabidopsis transcript data sets of seed development (Schmid et al., 2005) and laser capture microdissected seed organs (Harada-Goldberg Arabidopsis microarrays: 'Gene Networks in Seed Development') allowed further insight into the seed-specific expression pattern of OEP16 isoforms (Fig. 4) . Here OEP16.2 expression constantly increases during seed maturation and peaks in late stages when desiccation tolerance and dormancy are acquired (Fig. 4A ). OEP16.2 transcripts are exceptionally high during the late desiccation phase, confirming the high protein levels found in dry seeds (compare Fig. 3B and C) . Further dissected seed and embryo organs revealed that OEP16.2 transcripts exclusively locate to the embryo and endosperm of mature seeds ( Fig. 4B; Supplementary Fig. S3 at JXB online). Because the transition from the phase of reserve accumulation to seed desiccation is accompanied by a distinct switch in gene expression and accumulation of specific free metabolites (Angelovici et al., 2010) , two genes were selected from the microarray study by Angelovici et al. (2009) as transcriptional markers for this maturation-desiccation switch: At4g21960, encoding a peroxidase (PRXR1) and upregulated in late maturation stages but down-regulated upon desiccation, and At2g41280, similar to late embryogenesis abundant (LEA) proteins and expressed only during the seed desiccation phase (see Fig. 4A ). In comparison with these two marker genes, OEP16.2 followed the expression pattern Fig. 2 . Localization of OEP16.1 and OEP16.2 in the plastid outer envelope membrane. For immunodetection of OEP16.2, envelope membranes were prepared from isolated chloroplasts of 7-day-old pea seedlings (all others: 10-day-old plants). Numbers indicate the molecular mass of proteins in kDa. (A) Immunoblot analysis of Ps-OEP16.1 and Ps-OEP16.2 in purified outer (OE) and inner (IE) envelope membranes from pea chloroplasts. Antisera against the proteins Ps-OEP37 (OE) and PIC1 (IE) were used as controls. Equal amounts of proteins were loaded per lane: for detection of OEP37, 5 lg; for PIC1, 20 lg; for OEP16.2, 30 lg; and for OEP16.1, 1 lg. (B) Outer envelope membrane vesicles from pea chloroplasts were protease digested with thermolysin (thl) and subsequently subjected to immunblot analysis for Ps-OEP16.2, Ps-OEP16.1, and Ps-OEP37. Thermolysin was incubated for 0-45 min in a 2:1 ratio (w/w) per lg of envelope proteins. To solubilize membranes, 1% Triton (+thl/tri) was added in control assays. For detection of OEP16.2 (upper panel) 90 lg, and for OEP16.1 (lower panel) and OEP37 (right panel) 2.5 lg of protein were loaded equally in each lane. Arrowheads indicate major digestion fragments. For the control OEP37, fragment sizes correspond to those detected by Schleiff et al. (2003) .
of At2g4128, and thus groups to the LEA genes, which are up-regulated during desiccation only. In contrast, OEP16.1 mRNA is increased in early stages of embryo morphogenesis and drops upon seed maturation (Fig. 4A) . Interestingly, strong OEP16.1 expression in early morphogenesis is associated with the maternally derived seed coat, but in mature seeds OEP16.1 is present in all seed compartments at a lower level ( Fig. 4B; Supplementary Fig. S3 ). OEP16.4 transcripts, however, are ;30-40 times less than those for OEP16.1 in seed coats of heart stage embryos or for OEP16.2 in embryos of mature seeds. In the latter, OEP16.4 is restricted to endosperm and seed coat ( Fig. 4B ; Supplementary Fig. S3) .
Because in the analysis of pea seeds (Fig. 3C ) prepared seed coats contained attached endosperm layers, OEP16 expression could not be distinguished between maternal seed coat and filial endosperm. However, expression profiles of OEP16 orthologues in dissected soybean seeds (Harada-Goldberg data set of Glycine max microarrays: 'Gene Networks in Seed Development') allowed comparison of the two legumes and Arabidopsis. As found in pea and Arabidopsis, the OEP16.1 isoform in soybean is highly expressed in seed coat, endosperm, and embryo tissues of early (globular) and late maturation stages, whereas OEP16.2 again is restricted to filial compartments (endosperm/cotyledons and embryo) in the mature seed only ( Supplementary Fig. S4 , at JXB online). OEP16.2 thereby can be unequivocally allocated to those proteins associated with the seed desiccation process, which are specifically expressed during late embryogenesis, in dry seeds, and during early germination. These findings are further substantiated since At-OEP16.2 represents one of the most abundant mRNAs, which are stored in dry seeds for subsequent germination (Nakabayashi et al., 2005) .
As a summary of all expression data, OEP16.2 function appears to be closely linked to desiccation-tolerant grain tissues, which are represented by pollen and in particular seeds, where OEP16.2 is restricted to filial embryo and endosperm. Further, OEP16.2 appears to provide a functional link for bridging the dormant and desiccation-tolerant status during seed maturation and the germination potential of mature seeds. In contrast, a corresponding role might be performed by OEP16.1 during maternally controlled early morphogenesis events and by accompanying reserve accumulation in the seed coat, endosperm, and embryo.
Specific control of OEP16.2 expression by the phytohormone ABA in seeds Since OEP16.2 expression specifically correlates with seed desiccation and dormancy processes controlled by the phytohormone ABA, OEP16 transcript and protein content was monitored in germinating Arabidopsis seeds that were treated with ABA. In the analysis by Penfield et al. (2004) , At-OEP16.2 transcripts were specifically and strongly increased upon germination for 24 h in the presence of ABA (Fig. 5A) . In endosperm tissue, the induction was ;5-fold, and in embryos even 9-fold. In contrast, At-OEP16.1 and At-OEP16.4 were not regulated in endosperm but responded slightly to ABA in embryos, showing ;2-fold down-regulation (OEP16.1) and ;2-fold up-regulation (OEP16.4). When testing for protein levels, it was found that after 48 h of ABA treatment during germination, OEP16.2 protein content also substantially increased (Fig. 5B) .
Isolation of the cDNA sequence of OEP16.2 from pea further allowed tracking of Ps-OEP16.2 expression in several studies during pea seed development. By analysis of embryos from antisense lines with decreased expression of sucrose non-fermenting-1-related protein kinase (SnRK1), the expressed sequence tag (EST) for Ps-OEP16.2 (PSC23A24, table II in Radchuk et al., 2006) was found to be grouped to those genes that showed a delayed up-regulation in the transition stage of seed development. In wild-type embryos Fig. 4 . OEP16 expression profiles during Arabidopsis seed development. Data used to create the digital northern blots were obtained from the respective experiments deposited at the NASCArrays website (http://affy.arabidopsis.info/narrays/experimentbrowse.pl) and from the Harada-Goldberg Arabidopsis miccoarray data set of laser capture microdissected seeds ('Gene Networks in Seed Development' at http://estdb.biology.ucla.edu/seed/). Mean signal intensities (arbitrary units 6SD) were averaged from 2-3 replicates. Morphogenesis, reserve accumulation, and desiccation/dormancy phases are indicated by white, light grey, and dark grey background, respectively. (A) Embryo and seed development (AtGenExpress siliques and seeds, NASCARRAYS-154). The seed stages 3-10 are defined according to embryo development as follows: 3, mid-globular to early heart; 4, early heart to late heart; 5, late heart to midtorpedo; 6, mid-torpedo to late torpedo; 7, late torpedo to early walking stick; 8, walking stick to early curled cotyledons; 9, curled cotyledons to early green cotyledons; 10, green cotyledons. Note that the seed stages 3-5 include silique tissue. Signals for At-OEP16.1 (green) and for At-OEP16.4 (blue) correspond to the right y-axis, while the left y-axis was scaled for At-OEP16.2 (orange) and the controls PRXR1 (dots) and LEA-like (triangles). Differential expression of the latter two genes defines the transcriptional switch from reserve accumulation to the acquirement of desiccation tolerance and dormancy. (B) Tissue-specific expression pattern of OEP16 isoforms in pre-globular, heart, torpedo, and mature seed stages (Harada-Goldberg Arabidopsis LCM Gene-Chip Data Set). Different tissues are defined as follows: CZE, chalazal endosperm; CZSC, chalazal seed coat; EP, embryo proper; GSC, general seed coat; MCE, micropylar endosperm; PEN, peripheral endosperm; S, suspensor. Signal values (arbitrary units) for At-OEP16.1 (green), At-OEP16.2 (orange), and At-OEP16.4 (blue) are presented in tissues with the highest expression (for complete data sets see Supplementary Fig. S3 and Supplementary Table S2 at JXB online). Seed tissues are coloured according to transcript density for signals that are absent (white), insufficient (blue), <500 (beige), 500-5000 (orange), 5000-10 000 (purple), and >10 000 (dark red).
Ps-OEP16.2 transcripts strongly accumulated during the transition phase 19-22 days after pollination (dap; ;10-fold when 21 dap are compared with 15 dap; Fig. 5C ). As described for Arabidopsis (see above), this transition state during pea seed maturation is associated with a transcriptional and metabolic switch (Radchuk et al., 2006 , and references therein). Interestingly, in SnRK1 antisense seeds of line snf34 (corresponding to Vic-34 in Radchuk et al., 2006) , Ps-OEP16.2 up-regulation was absent (Fig. 5C ), reflecting the fact that SnRK1 antisense seeds contain reduced levels of ABA (Radchuk et al., 2010b) . When regulation on the protein level (Fig. 5D ) was tested, it was found that compared with the wild type, snf34 embryos at 20 dap contain only ;70% Ps-OEP16.2 proteins (73.9612.6%, n¼3, 6SD). Further, ABA control of Ps-OEP16.2 expression in pea seeds was confirmed by decreased transcripts in embryos with reduced levels of free ABA, which were generated by immuno modulation ('anti-ABA' seeds, see table 1 in Radchuk et al., 2010a) . With 69.82610.05% (n¼4, 6SD) of wild-type OEP16.2 proteins, the decrease in anti-ABA embryos at 22 dap was in the same range as for SnRK1 antisense lines.
In conclusion, OEP16.2 expression during late seed development and early germination is specifically controlled and strongly stimulated by the dormancy and desiccation tolerance-inducing hormone ABA.
Loss of OEP16 proteins provokes ABA hypersensitivity during seed germination
To document the function of OEP16 proteins during seed development and germination, all combinations of oep16 triple and double knockout mutants were generated in Arabidopsis. Therefore, the double mutant oep16.1-1/oep16.4-2 was crossed with the single mutant oep16.2-1, both representing knockout lines for At-OEP16.1, At-OEP16.4, and At-OEP16.2, respectively . In the F 3 generation of the crossed lines, the homozygous oep16 triple mutant (1/2/4), a corresponding triple wild-type line (wt), and the respective double mutants 1/2, 1/4, and 2/4 were segregated (for details, see the Materials and methods). The loss of the respective OEP16 isoforms was documented on the transcript as well as on the protein level ( Supplementary Fig. S1 at JXB online). Because OEP16.1 and OEP16.2 function is most probably implicated in seed development and germination, mutants were analysed for visible defects during these processes. What was found was, that in comparison with wild-type plants, none of the oep16 knockout mutants showed a phenotype during germination, growth, and development under standard conditions (compare also Pudelski et al., 2009) , or any macroscopic defects of embryo and seed maturation (e.g. arrested or distorted embryos, smaller siliques, or differences in seed weight or amount). However, when mutant seeds were germinated in the presence of ABA, the oep16 triple mutant displayed ABA hypersensitivity that was characterized by delayed germination when compared with the corresponding wild-type seeds ( Fig. 6A; Supplementary Fig. S5 at JXB online). Whereas without ABA, germination rates of all seeds analysed were similar, upon ABA addition it took ;24 h longer to reach the same number of germinated seeds in the oep16 triple mutant than in the wild type. When seeds were germinated on agar containing 2.5 lM ABA, this delay was maximal after 72 h (Supplementary Fig. S5 ). Further, germination rates of oep16 double mutants after 72 h incubation with ABA ( Supplementary Fig. S5 ) and germination tests with the single mutant lines (not shown) demonstrated that most probably the loss of OEP16.2 has the strongest effect on ABA-hypersensitive seed germination. However, in all experiments, the ABA-controlled germination delay was strongest in subsequent generations of the oep16 triple mutant. The triple mutant and the corresponding wild type were therefore chosen for all further experiments and analysis of metabolic signatures during ABA-controlled germination. Therefore, seeds were germinated on nylon filters in the presence of 1 lM ABA (Fig. 6A ). When compared with experiments on agar, seed germination on nylon filters in general and in the presence of ABA was delayed by ;12 h and 48 h, respectively (compare Supplementary Fig. S5 ). However, ABA hypersensitivity of the oep16 triple mutant could be confirmed to appear in a time window between 3 d and 6 d and again revealed an ABA-induced germination delay of ;24 h. Parallel immunoblot analysis in addition showed that expression of OEP16.2 proteins disappeared 3 d after germination, while upon ABA addition high OEP16.2 levels were maintained throughout the germination process (Fig. 6B) . In contrast, expression of OEP16.1, which was initiated ;3 d after germination, was not responsive to ABA.
Thus, ABA hypersensitivity of germinating oep16 mutant seeds is most probably due to the loss of the ABA-induced isoform OEP16.2, which is predominant during seed maturation, in dry seeds, and in early germination. It cannot, however, be excluded that the lack of OEP16.1 and OEP16.4 in the triple mutant might have additional effects on germination as well.
Developing and germinating seeds of the oep16.1/2/4 mutant show changes in metabolic signatures
To analyse the impact of OEP16 on the content of seed metabolites, amino acids and sugars in oep16 triple mutants and the corresponding wild type were determined during maturation and germination of seeds ( Fig. 7 ; Supplementary Table S3 at JXB online). In general, free amino acids during late maturation (Fig. 7A) were at a high level, decreased in dry seeds (Fig. 7B) , and increased again after initiation of germination by 24 h imbibition (Fig. 7C) . Glycine, however, behaved in the opposite manner and was highest in dry seeds. During seed development, the oep16 triple mutant was characterized by a significant increase in amino acids when compared with the wild type: asparagine (Asn), glutamine (Gln), threonine (Thr), valine (Val), histidine (His), isoleucine (Ile), and lysine (Lys) in maturing seeds; aspartate (Asp), glutamate (Glu), Asn, Thr, arginine (Arg), Val, Lys, and phenylalanine (Phe) in dry seeds (Fig. 7A, B) . Interestingly, this switched to a decrease in oep16.1/2/4 when seeds were germinated [Arg, proline (Pro), Val, tyrosine (Tyr), methionine (Met), Ile, Lys, leucine (Leu), and Phe; Fig. 7C ]. The only exception was Met, which was lower in the oep16 triple mutant in all three stages analysed. However, although statistically significant, the latter reduction was only marginal (;1.2-to 1.4-fold). Major changes in amino acids of the oep16 triple mutant were found for Asn, Gln, and Thr in maturing seeds as well as for Asp, Asn, Thr, and Arg in dry seeds (2.2-, 1.5-, 1.6-, and 1.8-, 2.6-, 1.7-, and 2.8-fold increase, respectively; see Supplementary Table S3) . Furthermore, in imbibed seeds, the decrease of Val (1.5), Ile (2.2), Lys (1.8), Leu (1.9), and Phen (1.6) was >1.5-fold.
As expected, glucose and sucrose, which have to be mobilized for subsequent germination, accumulated in dry seeds of the mutant and wild type. In contrast, starch breakdown occurred during seed desiccation and thus starch content was highest in late seed maturation (Fig. 7D) . Differences in sugar content between the oep16.1/2/4 mutant and the wild type were observed in dry seeds, whereas in the oep16 triple mutant glucose levels were increased 1.65-fold and sucrose and starch decreased by 1.2-and 3.2-fold, respectively. Further, in imbibed mutant seeds, sucrose content was still 1.5-fold less than in the wild type ( Fig. 7D ; Supplementary Table S3 at JXB online).
To follow metabolic changes introduced by the observed ABA hypersensitivity of the oep16 triple mutant, amino acids and sugars were analysed in 6-day-old seedlings grown in the absence and presence of 1 lM ABA ( Fig. 8 ; Supplementary Table S3 at JXB online). When oep16 triple mutant seeds were germinated for 6 d, amino acid differences from the wild type that were detected in dry seeds and early germination were almost compensated, except for a Fig. 7 . Amino acid and sugar content during seed maturation of the oep16 triple mutant and wild type. Metabolites were determined in maturing seeds (ms), dry seeds (ds), and seeds imbibed for 24 h (s24) of the oep16.1/2/4 triple mutant and corresponding wild type (black and white bars, respectively). Maturing seeds correspond to stages 7-10 as depicted in Fig. 4A . Data represent mean values of independent biological replicates (n¼3-4, 6SD). Please note that while concentrations for maturing seeds are given per gram of tissue fresh weight (FW), they are related to dry weight (DW) for dry and imbibed seeds. Significance analysis was performed by a Student's t-test with P-values <0.05 (*); <0.01 (**); and <0.005 (***), respectively. For complete data sets see Supplementary Table S3 at JXB online. (A-C) Amino acid concentration (nmol/g FW or DW). Tryptophan and cysteine were not determined. (D) Glucose, fructose, sucrose, and starch (lmol/g FW or DW). Fructose values in dry seeds were below the detection limit (bdl) of the analysis. For starch, the right y-axis is scaled for concentrations in dry and imbibed seeds. (Fig. 8A) . In contrast, in the presence of ABA, down-regulation of amino acids was observed in oep16 triple mutant seedlings (Fig. 8B) . Here Asp, serine (Ser), His, Thr, and Pro were slightly decreased (fold change < 1.4) and Lys was down-regulated more pronouncedly (1.8-fold). Thus, with respect to down-regulation of amino acids in the OEP16.1/2/4 mutant, ABA addition to seedlings seems to mimic the status of early germinating, imbibed seeds (compare Fig. 7C, Supplementary Table S3 at JXB online). ABA addition to wild-type and mutant seedlings in general induced an increase in Asp, Glu, Arg, Ala, Pro, Val, and Met, and a decrease in Asn, Ser, Gln, Gly, His, GABA (c-aminobutyric acid), Thr, Lys, and Phe, while only Ile and Leu remained unchanged ( Supplementary Fig. S6 at JXB online). Except for Ile (slight decrease in mutants) this behaviour was the same for wild type and the oep16 triple mutant.
1.2-fold increase in Gln
After growth for 6 d in the absence of ABA, significant differences in glucose, fructose, sucrose, and starch were not observed (Fig. 8C) . However, as found in dry seeds, in the presence of ABA the starch content in the oep16 triple mutant dropped quite drastically (3.3-fold decrease), but sucrose increased slightly (1.2-fold). In general, dry seeds contained ;2-fold more glucose and 10-fold more sucrose than 6-day-old seedlings. ABA addition during germination induced an overall increase in sugars (;5-fold for glucose, sucrose, and starch, and 50-fold for fructose).
In summary, the largest difference for the oep16.1/2/4 mutant compared with the wild type in amino acid and sugar content was found in dry seeds. Whereas from seed maturation to desiccation the mutant is characterized by an increase in amino acids, a switch to decreased amino acids was detected during early germination and a compensation of metabolic differences was revealed after prolonged seedling growth. However, when ABA is present, downregulation of amino acids and starch is sustained in mutant seedlings, thus mimicking the status of dry seeds.
Discussion
Expression and localization of OEP16 isoforms
Isolation of OEP16.2 cDNA from P. sativum in the current study allowed a comparative description of the membrane topology and tracking of the expressional regulation of the -4 6SD) in 6-day-old seedlings of the oep16 triple mutant (1/2/4, black bars) and wild type (white bars). Seedlings were grown on nylon filters in the absence (A) and presence of 1 lM ABA (B). Tryptophan and cysteine were not determined. (C) Glucose, fructose, sucrose, and starch concentrations (lmol/g FW, n¼3-4, 6SD) in seedling tissue described in A and B. Significance analysis was performed by a Student's t-test with P-values <0.05 (*); <0.01 (**); and <0.005 (***), respectively. For complete data sets see Supplementary Table S3 at JXB online.
isoforms OEP16.1 and OEP16.2 on the transcript and protein level in the two plant species Arabidopsis and pea. It could be unequivocally demonstrated that OEP16.2 inserts into the outer envelope membrane of plastids and that the N-and C-terminal ends of the OEP16.1 and OEP16.2 proteins are oriented to the cytosol. Previous in vitro studies of protein import into pea chloroplasts, which resulted in a distinct and protease-protected band in the chloroplast fraction for At-OEP16.1 and At-OEP16.2, are in line with the present findings (Murcha et al., 2007) .
Whereas previous analyses demonstrated that the isoform OEP16.1 is the major leaf OEP16 (for an overview, see Pudelski et al., 2010) , it could be shown here that OEP16.1 plays an additional role in early seed maturation. When seed desiccation and dormancy are induced, OEP16.1 is decreased and thus groups to the so-called 'maturation class' of proteins, associated with seed reserve accumulation processes (for overviews, see Holdsworth et al., 2008a; Angelovici et al., 2010) . Further, the expression patterns of the OEP16.1 and OEP16.2 isoforms alternate during seed development and germination: when OEP16.1 decreases during mid embryogenesis, OEP16.2 levels rise and are predominant throughout the acquirement of dormancy and desiccation tolerance in dry seeds as well as during early germination. However, although OEP16.2 is still detectable in cotyledons of very young seedlings, the protein is absent in leaves, a tissue where again OEP16.1 expression is strongly induced.
Apart from seeds, OEP16.2 is only present in pollen grains as well as cotyledons and the root tip of germinating seeds. Although OEP16.2 is quite abundant in Arabidopsis pollen plastids, as reflected by its identification in pollen proteome analysis (Holmes-Davis et al., 2005) , a phenotype could not be associated with oep16.2 knockout mutants either during in vivo reproduction or by in vitro pollen germination assays (K Philippar, S McCormick, unpublished data) . Plastids in pollen and seeds as well as in cotyledons represent metabolic source organelles for germination and growth of pollen tubes, seeds, and seedlings; thus OEP16.2 might function in metabolite export. In root tip plastids, a similar function is likely during initiation of seed germination, in particular when the emerging radicle has to rupture testa and endosperm (see Holdsworth et al., 2008a) .
The presence of OEP16.2 in late embryogenesis and early seed germination is exceptionally strong. In dry seeds, OEP16.2 represents one of the most highly abundant mRNAs stored for seed germination (see Nakabayashi et al., 2005) and is closely linked to the seed desiccation process ('up-regulated only during seed desiccation', see Angelovici et al., 2010; compare Fig. 4A ). Thus, OEP16.2 belongs to the LEA proteins (see Holdsworth et al., 2008a) and is most probably functioning in processes that bridge seed desiccation and germination. In Arabidopsis seeds, OEP16.2 transcripts were found in embryo and endosperm tissue by microarray analysis (Penfield et al., 2004) and in situ hybridization (Drea et al., 2006) . In pea and soybean seeds, OEP16.2 protein and transcripts were detected in embryos and cotyledons ( Fig. 3C ; Supplementary Fig. S4 at JXB online). Thus, unlike OEP16.1, which in addition to the embryo and endosperm can be found in maternally derived seed coats, OEP16.2 is restricted to filial seed tissues.
Localization and orientation of OEP16.1 and OEP16.2 in the outer envelope membrane of plastids could be clearly documented in the current study. For the third isoform OEP16.4, however, the subcellular localization is not completely obvious since in vitro import experiments into chloroplasts and mitochondria as well as immunological studies did not give clear results. However, signals of N-terminal, GFP-tagged At-OEP16.4 in Arabidopsis cell cultures and the expression pattern point to a plastid localization of OEP16.4 (Murcha et al., 2007) . Together with its ubiquitous but low expression pattern, it is thus tempting to speculate that OEP16.4 might have a constitutive function in potential oligomeric channels, composed of different OEP16 isoform subunits, for example OEP16.1/OEP16.4 or OEP16.2/ OEP16.4 (compare Pudelski et al., 2010) .
Regulation of OEP16 expression in seeds: metabolites, ABA, and dormancy
In addition to the data presented, transcriptional regulation of OEP16.1 and OEP16.2 was found in several studies associated with development, metabolite content, and ABA regulation in seeds, summarized in Supplementary Fig. S7 at JXB online and discussed in the following.
Links of OEP16 expression to seed amino acid content
In the so-called Arabidopsis KD mutant, which is characterized by an increased seed Lys content-achieved by seedspecific interruption of Lys biosynthesis feedback inhibition in the background of a Lys catabolism knockout (Angelovici et al., 2009 (Angelovici et al., , 2011 )-OEP16 expression is de-regulated ( Supplementary Fig. S7A at JXB online). First, transcripts of the 'maturation class' protein OEP16.1 in KD mutants are low during seed maturation, but adjusted to wild-type levels in dry seeds. Secondly, down-regulation of the LEA protein OEP16.2 is delayed upon germination, linking OEP16.2 with a function in bridging seed desiccation with germination and reflecting the general attenuation of essential germinationassociated processes observed in KD mutants (Angelovici et al., 2011) . Thus, OEP16 function seems to be linked to the amino acid status of seeds, in particular to that of Lys and other members of the Asp family, which are affected in KD mutants as well (see Angelovici et al., 2011; Galili, 2011) . Because in oep16 triple mutant seeds, de-regulated amino acids are mainly Asp derived as well (see below), a function of OEP16 in shuttling these amino acids between the plastid and the cytosol seems possible.
Another link of OEP16 with the amino acid content in seed tissue can be found in pea mutants where the seedspecific overexpression of a plasma membrane-localized amino acid permease results in a parallel increase of amino acids and Ps-OEP16.1 transcripts in embryos (Weigelt et al., 2008) . Further, reduced expression of the oxoglutarate/malate translocator OMT in the inner envelope of pea seed plastids, which affects conversion of carbohydrates from sucrose into amino acids and proteins (Riebeseel et al., 2010) , leads to strongly reduced Ps-OEP16.1 and Ps-OEP16.2 transcript content in late pre-storage, transition stage, and early maturation of seeds. Interestingly, the change in amino acid profiles, in particular the increase of free Asp of the OMT antisense pea seeds, resembles that observed in the maturing seeds of the oep16 triple mutant (see below). Thus, expression of OEP16 genes during seed development seems to be closely linked to the metabolic status of the cell, in particular to that of amino acids and sugars.
ABA control of OEP16.2 expression
In the current study it is shown that in seeds OEP16.2 transcript and protein accumulation is under the control of the phytohormone ABA. Previously, Drea et al. (2006) described that the promoter of At-OEP16.2 contains four ABREs, which are induced during acquirement of desiccation tolerance and dormancy of seeds. Further, in seed/silique tissue, OEP16.2 mRNA accumulation is under the control of the transcription factors ABI3 and ABI5 (for ABA INSENSITIVE 3 and 5), which represent central elements of the ABA signal transduction chain and function as key regulators of seed development (Finkelstein et al., 2002) . Microarray analysis of seeds from ABA signalling mutants confirms that ABI3 controlled OEP16.2 expression by ;4.8-(abi3) and 3-fold (fus3) down-regulation when compared with the wild type ( Supplementary Fig. S7B at JXB online). In the latter mutant, FUS3 (FUSCA3) represents another central ABA-associated transcription factor in seeds, which is closely linked to ABI3 and controls ABA-dependent seed storage protein expression (Kagaya et al., 2005; Suzuki and McCarthy, 2008) . FUS3 control of OEP16.2 is also indirectly confirmed in double mutants of the polycomb group complex proteins CURLY LEAF (CLF) and SWINGER (SWN) (Chanvivattana et al., 2004) , where transcript levels of FUS3 are described to be highly up-regulated (Makarevich et al., 2006) . Surprisingly OEP16.2 mRNA was found to be drastically induced (;1700-fold) in clf/swn seedlings as well, while constant expression of OEP16.1 and of the housekeeping protein translocon channel TOC75 indicates a normal number of plastid organelles in these mutants ( Supplementary  Fig. S7B at JXB online). Thus, via FUS3, the LEA protein OEP16.2 is under the control of polycomb group proteins, which repress flowering and endosperm proliferation.
Expression during dormancy, after-ripening, and germination
Through ABA control, OEP16.2 is linked to the acquirement of seed desiccation and further seems to function in bridging dormancy stages with early germination. Therefore, OEP16 transcript content was followed by digital northern analysis of several transcriptome studies associated with seed dormancy, after-ripening, and germination. When transcript content is analysed after seed imbibition in phase two of germination (i.e. while metabolic processes are reinitiated), OEP16.2 is classified as down-regulated by a previous after-ripening phase (Carrera et al., 2007 (Carrera et al., , 2008 . Studies on seed dormancy release and cycling in the deep-dormant ecotype Cvi ('Cape Verde Islands ', Cadman et al., 2006; Finch-Savage et al., 2007) , however, clearly show that OEP16.2 down-regulation is induced by imbibition, no matter whether seeds are in the primary dormant stage (i.e. freshly harvested without an afterripening phase) or non-dormant after a prolonged afterripening phase [compare OEP16.2 transcript content in PDD and DDL (dry) versus all other seed stages (imbibed) in Supplementary Fig. S7C at JXB online]. As soon as seeds are imbibed, OEP16.2 transcript content drops in non-deepdormant Col-0 as well as in deep-dormant Cvi (Yamagishi et al., 2009) . Sufficient after-ripening (DDL and DL stages in Supplementary Fig. S7C ), however, seems to maximize the drop in OEP16.2 expression upon initiation of germination by imbibition [5-fold decrease in DDL to DL, compared with an ;2fold decrease without sufficient after-ripening (e.g. DDL to PDL)]. For OEP16.1 down-regulation was also found upon imbibition, but in contrast to OEP16.2 in a time-dependent manner ( Supplementary Fig. S7C ). Interestingly, in seeds which are capable of germinating (non-dormant DL and primary dormant, light and nitrate-treated PDLN, Supplementary Fig. S7C ), imbibition-induced OEP16.1 transcript reduction is neutralized. These findings are underlined by a recently established genome-wide network model that captures seed germination (Bassel et al., 2011) , where OEP16.1 is categorized as germination up-regulated and the 'dormancy up' gene OEP16.2 is grouped only with coexpressed, ABA-induced genes. Thus, in summary, it can be concluded that OEP16.2 expression is clearly linked to the acquirement of dormancy and desiccation tolerance in drying seeds, while after-ripening has only secondary effects. Finally, initiation of germination by imbibition leads to downregulation of OEP16.2 expression, which is restricted in bridging dormancy with very early germination events. In contrast, OEP16.1 RNA levels are likely to correlate with germination capacity of seeds.
Further, OEP16.1 mRNA is decreased 3-fold in afterripened and imbibed seed tissue of a knockout mutant of the peroxisomal ATP-binding cassette transporter CO-MATOSE, which is crucial for reactivation of metabolic processes during transition from dormancy to germination (Carrera et al., 2007) . In addition, in imbibed comatose mutant seeds, sucrose mobilization is restricted, as demonstrated by higher sucrose but lower glucose levels than the wild type (Footitt et al., 2002) . Thus, since OEP16.1 expression is strongly enhanced (;75-fold; Gonzali et al., 2006) by the metabolic signalling molecule sucrose, upregulation in comatose seeds might be mediated by higher sucrose levels. Interestingly, a similar metabolic pattern (i.e. high sucrose but low glucose) is found in maturing seeds of the oep16 triple mutant (compare Fig. 7C and Supplementary Table S3 at JXB online), indicating that the lack of OEP16 during reserve accumulation of seeds affects not only amino acid content (see below) but also carbohydrate metabolism.
ABA hypersensitivity and metabolic imbalance of oep16 triple knockout mutants Because OEP16.2 expression in seed development is controlled by ABA, germination of OEP16 mutants was followed in the presence and absence of this phytohormone ( Fig. 6; Supplementary Fig. S5 at JXB online). Thereby it was possible to detect an ABA hypersensitivity of germination, which is most probably directly linked to the absence of OEP16.2. Whereas without ABA, normally OEP16.2 proteins are absent in growing seedlings, expression and thus function of OEP16.2 is sustained when ABA is present. A similar effect can be found for the metabolic imbalance observed, since oep16.1/2/4 seedlings grown in the presence of ABA show the same changes (i.e. down-regulation of amino acids and starch) as dry mutant seeds, which followed their endogenous dormancy and desiccation programme (without external addition of ABA). Interestingly, in the high Lys KD mutant seeds (Angelovici et al., 2010) an attenuation in the initiation of the germination programme is also correlated with a delayed down-regulation of OEP16.2 expression (see above, Supplementary Fig. S7A at JXB online). Thus, ABA hypersensitivity of germinating oep16 mutant seeds most probably is due to the loss of the ABA-induced isoform OEP16.2, which is predominant during dormancy and desiccation. It cannot, however, be excluded that the lack of OEP16.1 and OEP16.4 in the triple mutant might have additional, mostly ABAindependent effects on germination as well.
Morphologically oep16.1/2/4 mutant embryos developed normally and seed weight, total protein as well as N and C content of oep16 triple mutant seeds did not change when compared with the wild type. Further, amino acid composition and content in total seed storage proteins also did not differ from the wild type (Supplementary Table S4 at JXB online). Therefore, the observed variations in seed amino acid concentrations are completely related to free amino acids. The most obvious imbalance observed in oep16.1/2/4 was an increase in amino acids in maturing as well as in dry seeds. Interestingly, this shifted to a decrease when germination was initiated by imbibition and when seedlings were treated with ABA. The only amino acid that was constantly decreased during mutant seed development and imbibition was Met (see Fig. 7A , B, C; Supplementary Table S3) . Because Met biosynthesis is localized in plastids only (see Wirtz and Droux, 2005) , a Met decrease in oep16.1/2/4 might be due to incomplete Met export via the outer envelope membrane when the OEP16 channel pore is lacking. Further, Met has been shown to be crucial for seed germination and seedling growth (Gallardo et al., 2002) and thus, when reduced, might contribute to the ABA-induced germination delay of the oep16 triple mutant. The most pronounced increase in amino acids in maturing and dry seeds of oep16.1/2/4 was detected for Asn, leading to an increased ratio of Asn to Asp in maturing seeds (Supplementary  Table S3 ). Interestingly, the same can be found for pea seed mutants of the plastidic oxoglutarate/malate translocator OMT (Riebeseel et al., 2010) . During seed maturation, Asn (beside Gln) represents an N source, which is loaded via plasma membrane-integral permeases from the maternal tissue to the developing embryo (Tegeder et al., 2000; Miranda et al., 2001) . Because released ammonia is primarily fixed via the plastidic glutamine synthetase/glutamate synthase (GS/ GOGAT) cycle, it is tempting to speculate that the loss of the amino acid-selective channel OEP16 in the outer envelope membrane of seed plastids results in reduced amino acid transfer to plastids and thus accumulation of Asn and other amino acids in the cytosol of developing seeds. During further germination, seeds completely rely on their endogenous amino acid supply, which now is reduced in the oep16 triple mutant, most probably due to previous incomplete N fixation and amino acid transfer to plastids in seed maturation. This hypothesis is underlined by the finding that amino acids such as Arg, Val, Lys, and Phe, which were up-regulated in dry mutant seeds, are down-regulated after imbibition and initiation of germination. Interestingly, among all amino acids regulated in maturing and dry seeds as well as in ABA-treated seedlings, those that are Asp derived (Asp, Asn, Lys, Met, Ile, and Thr) were over-represented (see Supplementary Table S3) , suggesting an OEP16 transport function for the latter.
Whereas sucrose mobilization seems to be restricted in maturing oep16.1/2/4 seeds -as indicated by reduced glucose but elevated sucrose-this pattern is turned around in dry and imbibed mutant seeds where decreased sucrose levels point to a higher demand for carbohydrate catabolism than in the wild type (see Supplementary Table S3 at JXB online). Furthermore, strongly reduced starch levels in dry seeds and ABA-treated seedlings not only demonstrate that ABA addition to oep16 triple mutant seedlings mimics the status of dry seed tissue (see above), but underline increased carbohydrate degradation in oep16.1/2/4 seeds. Interestingly, starch content per seed is also decreased in ABA-deficient pea mutant seeds (Radchuk et al., 2010a) , again linking OEP16 function with ABA and sugar signalling as well as with regulation of the metabolic status in seeds.
Conclusion on the function of OEP16
By studying localization and regulation of OEP16 transcripts and proteins as well as ABA hypersensitivity and metabolite distribution of oep16 triple knockout mutants in the current study, a role for the OEP16.1 and OEP16.2 isoforms in seed development and germination can now be assigned. Because in these developmental stages the content of free amino acids is affected by the loss of OEP16 and due to previous in vitro data (Pohlmeyer et al., 1997) , it is concluded that OEP16 functions in shuttling amino acids across the outer envelope of plastids. Further, the results on seed development and the phenotype of the oep16 triple mutant clearly contradict a previously proposed role for OEP16 in pre-protein transport of the protochlorophyllide oxidoreductase A (Reinbothe et al., 2004 (Reinbothe et al., , 2005 Pollmann et al., 2007; Samol et al., 2011a, b ; for details and discussion, see Pudelski et al., 2009 Pudelski et al., , 2010 Bonneville and Tichtinsky, 2010) . Due to the alternating expression pattern in seeds, OEP16.1 is involved in reserve accumulation processes during early seed maturation, but, when a transcriptional and metabolic switch induces the ABA-controlled seed desiccation and dormancy, OEP16.2 comes into play, bridging late seed development with early germination.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . Characterization of OEP16 mutant lines. Figure S2 . OEP16 expression profiles during Arabidopsis development. Figure S3 . Tissue-specific expression of OEP16 isoforms in Arabidopsis seed development. Figure S4 . Tissue-specific expression of OEP16 isoforms in soybean seed development. Fig. S5 . Hypersensitivity during germination correlates with the loss of OEP16.2. Figure S6 . ABA-induced amino acid changes in Arabidopsis seedlings. Figure S7 . Regulation of OEP16 expression in a seed high-lysine mutant, within the ABA signalling chain, and during dormancy and germination.
